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• Concentrated inputs of septic effluent
on karst aquifers have seldom been
assessed.

• Artificial tracer tests, geochemistry, and
dual nitrate isotopes were employed.

• The karst aquifer characterized by con-
duit system is highly vulnerable.

• Episodic release of septic effluent re-
sulted in water quality deterioration.

• The study provides a basis for the devel-
opment of groundwater protection
schemes.
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Karst aquifers are highly vulnerable to pollution from human activities. Among sources of these contaminants, septic
tank effluent can easily pollute karst aquifers, especially concentrated inputs such as those, for example, from tourist
hotels. However, the impacts of septic effluent from relatively large, concentrated inputs on karst aquifers have seldom
been assessed previously and therefore provide the focus of this study. Artificial tracer tests, geochemical analysis, and
dual nitrate stable isotopes were employed to evaluate the impacts of a concentrated input of septic effluent from the
JinfoshanHolidayHotel (JHH) on the vulnerable Shuifang Spring (SFS) karst aquifer in a remotemountainous area, the
Jinfoshan Karst World Heritage Site within Chongqing Municipality of southwest China. The results of artificial tracer
tests showed that the underground flowmainly occurred in a primary conduit with a pooled or bifurcated flow path
that connects a sinkhole input to SFS. The high tracer recovery rates suggest that the karst aquifer was characterized
by high intrinsic vulnerability to contamination. Chemographs at SFS responded rapidly to the episodic release of efflu-
ent from JHH. Decreased pH and dissolved oxygen and elevated turbidity, specific conductance and NH4

+ concentra-
tions of SFS resulted from the episodic release of septic tank effluent from the JHH during high-use periods.
Although the nitrate concentrations were far below the guideline value of the Standard for Groundwater Quality of
China, the isotopes of δ15NNO3 and δ18ONO3 suggest that nitrate flowing from SFS was primarily derived frommanure
and sewage, in addition to soil organic N. Thus, episodic release of septic effluent provides a challenge to the sustain-
ability of karst groundwatermanagement. The results of this studymay be relevant to other remote andmountainous
karst environments where tourism provide otherwise scarce economic resources and particularly to protected sites
throughout the world.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Carbonate karst rocks outcrop over some 10–15% of the world's ice-
free continental land area (Ford and Williams, 2007). Karst groundwa-
ter is an important freshwater resource that is used as a drinking
water source by a significant proportion of the world's population
(Ford and Williams, 2007). However, karst aquifers are highly vulnera-
ble to pollution and have a very lownatural self-purification capacity for
most contaminants (e.g. Frank et al., 2018; Vesper et al., 2001). The de-
velopment of sinkholes and fissures connecting the surface with the
subsurface results in a discontinuous distribution and, in some cases,
loss of the overlying surface soil layer, which can expose large areas of
bedrock (Ford andWilliams, 2007). Therefore, pollutants from the sur-
face often undergo insufficient natural attenuation processes, like filtra-
tion and degradation through the soil layer, and they can rapidly enter
the aquifer (e.g. Groves, 2018; Robinson and Hasenmueller, 2017). Si-
multaneously, well-developed karst conduits and associated high-
velocity conduit flow along with a typically low storage capacity often
provide insufficient time for purifying the pollutants in an aquifer
(Butscher and Huggenberger, 2009; Marin et al., 2015). Consequently,
these pollutants are often discharged alongwith groundwater at the un-
derground river outlet or in the form of springs (e. g., Li et al., 2010;
Mellander et al., 2012; Vesper and White, 2003), and can result in con-
sistent, long term inputs to the groundwater within an aquifer (Lerch
et al., 2018).

The use of in situ wastewater treatment systems, also known as sep-
tic tank systems, is a common wastewater treatment approach in rural
and remote areas that lack the infrastructure needed for municipal
wastewater treatment. Typical in situ wastewater treatment systems
consist of two parts: a septic tank and a drain field (Toor et al., 2011).
Due to their relatively simple design, septic tank systems can be a
cost-effective and reliable means of removing contaminants from
household wastewater before discharging it into the environment
(Toor et al., 2011). Thus, septic tank systems have been extensively pro-
moted throughout the world. Nevertheless, inadequate wastewater
treatment by septic tank systems frequently leads to groundwater pol-
lution incidents (USEPA, 2002). The loss ofwastewater to the subsurface
may occur deliberately through on-site septic tank systems or uninten-
tionally, such as through leaks from disposal pipes (Withers et al.,
2014). Therefore, the impact of septic tank systems on groundwater
quality has caused widespread concern, particularly regarding the mi-
gration and fate of pollutants (Harden et al., 2008; Stanford et al., 2010).

Tourism has become an increasingly important type of recreation
that stimulates local economic growth (Yang et al., 2009). However, in-
frastructure often cannot keep up with the rapidly growing number of
tourists (Stanchev et al., 2015). This situation can result in negative im-
pacts, such as air pollution (Saenz-de-Miera and Rosselló, 2014), solid
waste pollution (Kaseva and Moirana, 2010), hydrocarbon pollution
(Medina-Moreno et al., 2014), degradation of the color of scenic traver-
tine (Simsek et al., 2000), and flowstone precipitation in tourist caves
(Sebela and Turk, 2014), which present significant challenges to the
sustainable development of tourism resources. Scenic karst areas often
contain rich tourism resources. Increasing exploitation of karst re-
sources is causing severe environmental degradation due to the fragility
and vulnerability of karst areas (Sebela and Turk, 2014; Simsek et al.,
2000). Wastewater discharge due to tourism activities in these areas
can cause significant problems to these highly vulnerable karst ground-
water and cave systems, but relevant documentation is rare (e.g. Yang
et al., 2018).

Artificial tracer tests between sinkholes and karst springs have pro-
vided a scientific basis for quantitatively characterizing aquifer media
properties, since this methodology for groundwater tracing in karst
aquifers is well developed (Geyer et al., 2007). The results of tracer
tests can lay the foundation for analyzing the vulnerability of karst aqui-
fers (Goldscheider et al., 2003; Nguyet and Goldscheider, 2006).
Hydrochemistry is a major indicator of water quality and is an
important approach to study water circulation and the hydrogeological
characteristics of aquifers (Gondwe et al., 2010; Yang et al., 2010). Ni-
trate pollution can originate from multiple sources via different path-
ways as point or diffuse sources: mineral nitrogen fertilizers and
animal manure in agriculture, domestic or industrial nitrogen-bearing
wastewater, atmospheric deposition, mineralization of soil organic ni-
trogen and biological nitrogen fixation (Kendall and Aravena, 2000;
Nestler et al., 2011). Because isotopes of 15N and 18O have relatively sta-
ble characteristics, they can be used as fingerprints for tracing environ-
mental nitrate pollution, regardless of the temporal and geographic
scales. Dual isotopes of δ15NNO3 and δ18ONO3 in particular have been
used to discriminate between organic (e.g. human or animal manure)
and inorganic (e.g. chemical fertilizers) N contaminants in water (e.g.
Grimmeisen et al., 2017; Hales et al., 2007; Musgrove et al., 2016;
Weng et al., 2017).

Inscribed into theUNESCOWorldHeritage List in 2014, the Jinfoshan
Karst (JFK) attracts 700,000 visitors per year, and is intensively visited
by tourists during holiday and festival periods, resulting in generating
a large amount of hotel wastewater at the Jinfoshan Holiday Hotel
(JHH) that is treated by a septic system. This study uses the Shuifang
Spring karst watershed, which is located in the core of the JFK, as a
case study and the peak tourist season as the study period. We extend
earlier work using stable hydrogen and oxygen isotopes (Yang et al.,
2018) to apply geochemical analysis based on high-resolution data
and dual nitrate stable isotopes to evaluate the impacts of a concen-
trated input of septic effluent from the JHHon the vulnerable karst aqui-
fer. The objectives of this study were (1) to assess the hydraulic
connection and intrinsic vulnerability of the karst aquifer based on arti-
ficial tracer tests, and (2) to analyze the impacts of episodic effluent re-
lease from the tourism hotel on karst groundwater on the basis of
geochemical and stable nitrogen and oxygen isotope characteristics.
Widespread global tourism activities and their production of wastewa-
ter, including impacts on the vulnerable karst flow systems of many
World Heritage Sites and other protected areas, coupled with the prev-
alence of septic systems worldwide, suggest that this study may be rel-
evant to other remotely mountainous and protected karst aquifers
throughout the world.

2. Material and methods

2.1. Study area

The JFK lies in southern Chongqing, China (Fig. 1). The study area has
a humid monsoon climate and is in the subtropical zone. Because of its
relatively high elevation, the JFK spans a range of vertical climatic zones.
The upper part of the mountain over 2000 m in elevation has a locally
temperate humid climate, often with clouds and mist, little sunshine,
abundant rainfall, and high humidity. The mean annual temperature
and precipitation are 8.2 °C and 1434.5 mm, respectively.

The JFK is developedwithin Permian carbonate rocks. In the geolog-
ical past, a basin in this region covered a large area with abundant rain-
fall and well-developed underground river systems. With topographic
uplift due to neotectonic movements, river capture and headward ero-
sion have destroyed the original drainage basin configuration. Cur-
rently, only the tableland surface remains at the upper part of the
mountain, and the historical underground rivers have evolved into
abandoned, dry caves, such as Xiannv Cave, Gufo Cave and Yangkou
Cave (Fig. 1). Under modern climate conditions, a series of karst land-
forms, such as depressions and sinkholes (Fig. 1), has formed on the ta-
bleland surface. An underground river has also developed, which has an
obvious entrance at Sinkhole #1 (elevation of ~2090m) and an outlet at
Shuifang Spring (SFS; elevation of 2053 m) at the edge of a large cliff
(Fig. 1). Because the underground river is too small to be entered, a hy-
pothesized route connected indicated by a linear collection of sinkholes
was drawn as the extension of the underground river. The straight-line,
lateral distance between Sinkhole #1 and SFS is ~526 m. SFS is
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Fig. 1. Location of the study area and a schematic hydrogeological map. Hydrogeological information was modified from Wu et al. (2008).
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recharged by the quick recharge through conduits and slow and low in-
flow from the fissured aquifermatrix (Wu et al., 2008). The discharge of
SFS ranges from 0.5 to 38 L/s with an average of 6.5 L/s (Jiang et al.,
2013). The shortest measured lag time of SFS peak flow in response to
a rainstorm is only 2 h (Wu et al., 2008). The outflow of SFS pours
down along the cliff and forms a stream for irrigation and sightseeing
in its middle and downstream sections. In addition, a portion of water
from SFS is pumped for artificial snow during the winter for tourist-
based skiing. More hydrogeological information about the study area
was reported by Jiang et al. (2013) and Wu et al. (2008).

In 2014, the JFKwas designated as part of Phase II within the existing
UNESCO “South China Karst World Heritage Site” (UNESCO, 2014). The
JFK is a popular tourist destination in Southwest China and was ranked
as a national 5A scenic spot in 2013, thehighest ranking for themost im-
portant and best maintained sites in China. Every year, many tourists
visit the JFK for sightseeing, skiing and enjoying the cooler climate of
the higher elevations. The Jinfoshan Holiday Hotel (JHH) is located in
the core area of the JFK and has a total of 96 rooms and 195 beds as
well as a restaurant that accommodates 620 people. The water from
Xiannv Cave (Fig. 1) supplies the domestic needs of the hotel. This
source water has had relatively little human impact, as revealed by its
nitrogen and oxygen isotopic compositions (see Section 3.3). The
wastewater generated by the hotel is treated in a septic tank with a vol-
ume of ~120 m3. The effluent, which acts as a point source, is episodi-
cally discharged into the karst aquifer through Sinkhole #1 (Fig. 1). In
the absence of rain, it takes an estimated 26.8 h for water flushed
down a toilet at JHH and processed through the septic tank to reach
SFS (Yang et al., 2018).

2.2. Research methods

To fully constrain the vulnerability of the SFS basin karst aquifer
being impacted by the septic effluent from the JHH, three hydrogeo-
chemical methods — tracer tests, geochemistry, and nitrogen and
oxygen isotopes — were employed, and their results were compared
for verification.

2.2.1. Tracer tests
The aim of the artificial tracer tests was to investigate the hydraulic

connection between Sinkhole #1 and SFS aswell as features of the karst
aquifer. Sodium fluorescein (uranine, C20H10O5Na2) and tinopal CBS-X
(C28H20S2O6Na2), both fluorescent dyes, were selected as tracers. They
have been widely used in tracer tests in karst aquifers (e.g. Geyer
et al., 2007; Licha et al., 2013;Magal et al., 2013). Tinopal CBS-X is an op-
tical brightener dye that fluoresces at markedly shorter wavelengths
and can easily be distinguished from sodium fluorescein
(Goldscheider et al., 2008).

A GGUN-FL30 automatic field fluorometer (Albillia Sarl,
Switzerland; Schnegg and Costa, 2002) was placed at SFS to determine
the concentrations of the dyes as they emerged from the spring,
which were plotted over time as tracer breakthrough curves (BTCs).
The detection limits of sodium fluorescein, tinopal CBS-X and turbidity
are 0.01 μg/L, 0.1 μg/L and 0.01 NTU, respectively, and they had a mea-
surement interval of 5 min. A total of 100.6 g of sodium fluorescein
and 161.9 g of tinopal CBS-X were mixed with water in a 50 L plastic
bucket and simultaneously injected into Sinkhole #1 at 14:40 on 1/17/
2017. The tracer test was finished at 12:45 on 2/14/2017. Table 1 sum-
marizes the results of the tracer tests. The tracer recovery rate was cal-
culated by multiplying the tracer concentration by the discharge (for
the measurement method, see Section 2.2.2). Lateral distances in karst
areas often require correction for sinuosity by a factor of approximately
1.5 based on the straight-line (Field, 2002). The estimated distance from
Sinkhole #1 to SFS based on this correction factor was calculated as
789 m (Table 1).

2.2.2. Field sampling and monitoring
The physico-chemical parameters in the SFS watershed during high

tourism periods of winter and summer (i.e., the 2015 Festival of Ice and



Table 1
Tracer test results.

Injection time Tracer M (g) D (m) tf (h) mv (m/h) tm (h) dv (m/h) R (%)

14:40 on 1/17/2017 Sodium fluorescein 100.6 789 24.5 32.2 42.8 24.5 97.3
14:40 on 1/17/2017 Tinopal CBS-X 161.9 789 26.1 30.2 47.6 16.6 70

M: mass of injected tracer;D: corrected distance between the injection point and the spring; tf: time of the first detection of the tracer;mv: maximumvelocity; tm: time of detection of the
maximum concentration; dv: dominant apparent flow velocity; R: tracer mass recovery.

Fig. 2. Breakthrough curves of the dye tracer tests. The double-peak curves of the BTCs
indicate a main conduit with a pool or an auxiliary conduit (a bifurcated flow path)
between Sinkhole #1 and SFS. Tracers are in μg/L, discharge is in L/s, and turbidity is in
NTU.
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Snow from late December 2014 to January 2015 as well as the 2016
summer season from July to early September 2016) were measured.
The pH, specific conductance (spC), dissolved oxygen (DO), turbidity,
and stage of SFS were automatically recorded using a Manta 2 multi-
parameter water quality recorder (Eureka, USA) with a measurement
interval of 10 min. The measurement accuracies of the pH, spC, DO, tur-
bidity, Cl−, and water stage were 0.01, 0.1 μS/cm, 0.1 mg/L, 0.1 NTU,
0.1 mg/L, and 0.01 mm, respectively. The discharge was converted
from thewater stage using a rating curve, which is expressed as the fol-
lowing empirical formula: Q=1.86 Bh2/3 (Wang, 2011), where Q is the
discharge (m3/s), B is the weir width of SFS with a value of 0.3 m, and h
is the water stage of SFS (m).

The data logger monitored physico-chemical parameters at SFS dur-
ing two periods. The 2015 Festival of Ice and Snow interval produced
5223 data points, and 4013 data points were accumulated in the 2016
summer season. All of the electrodes/probes were calibrated before
use in the field.

Manually collected samples and the automatically recorded data
were concurrently analyzed for NH4

+ and NO3
−. From August 1 to Sep-

tember 18 in 2016, three water samples from the effluent were manu-
ally collected for analyses of NH4

+ and NO3
−, and 28 water samples

from SFS were collected for analysis of NH4
+, of which three were mea-

sured for NO3
−.

To verify the results of tracer tests and geochemistry, a total of four-
teen, two and fifteen samples for hotel water, effluent from Sinkhole #1,
and water from SFS, respectively, were collected in 2017 and 2018 to
determine the stable isotopic nitrogen and oxygen compositions.
Water samples for isotopic analysis were filtered through a 0.22-μm
mixed cellulose ester membrane in the field and stored in 40-mL
brown polyethylene bottles. After pretreatment, the samples were
stored at 4 °C and transported to the laboratory.

2.2.3. Analytical techniques
The δ15NNO3 and δ18ONO3 values were determined by TraceGas and

Isotope RatioMass Spectrometry (IsoPrime, UK). The stableN andO iso-
tope ratios are reported as the δ notation in parts per thousand (‰) rel-
ative to air N2 and V-SMOW, respectively. For isotope value calibration,
USGS KNO3 reference materials with reported δ15NNO3 and δ18ONO3

values of 180‰ and 25.7‰ (USGS-32), −1.8‰ and −27.9‰ (USGS-
34), and 2.7‰ and 57.5‰ (USGS-35), respectively, were used. The pre-
cision was b0.01‰. Replicate reproducibility was generally better than
0.4‰ for δ15NNO3 and 0.22‰ for δ18ONO3. The nitrogen and oxygen iso-
tope data are presented in Supplementary document. The stable N and
O isotope ratios were analyzed at the Agricultural Environmental Stable
Isotope Laboratory of the Chinese Academy of Agricultural Sciences in
Beijing, China.

The NH4
+ andNO3

− concentrations were determined in situ immedi-
ately after collection using a DR2800 spectrophotometer (Hach, USA),
which had accuracies of 0.01 mg/L, and 0.01 mg/L, respectively. The
HCO3

− and Ca2+ concentrations were measured in situ by titration
using a field alkalinity test kit (Merck, Germany) with accuracies of
0.1 mmol/L and 2 mg/L, respectively. Measurement of major ions was
carried out at the Laboratory of Geochemistry and Isotopes at Southwest
University in Chongqing, China. The measurements were made accord-
ing to the methods described by Yang et al. (2010).

The amount of rainfall during the 2015 Festival of Ice and Snowwas
recorded by a HOBO weather station (Campbell, USA), whereas the
rainfall andmaximum air temperature during the 2016 summer season
in the main urban area of Chongqing were downloaded from
Accuweather (AccuWeather, 2017).

2.2.4. Visitor numbers
Visitor number data were obtained from the Administration Com-

mittee of the Jinfoshan Karst.

2.2.5. Data processing
The partial pressure of CO2 (PCO2) and the saturation index of calcite

(SIC) were calculated from the water temperature, pH, and concentra-
tions of calcium, bicarbonate, potassium, sodium, magnesium, chlorine
and sulfate using PHREEQC 3 (Parkhurst and Appelo, 2013). The rela-
tionships between the selected physico-chemical parameters were de-
termined by Spearman's rank correlation coefficient in SPSS 19.0.

3. Results and discussion

3.1. Constraints from tracer tests

Tracing techniques can be used in all types of hydrological and
hydrogeological environments to obtain information about groundwa-
ter movement and contaminant transport (Käss, 1998), but are espe-
cially useful in karst settings due to relatively rapid groundwater flow
velocities. The BTCs obtained from the tracer tests are shown in Fig. 2.
The tracer tests allowes estimation of relative groundwater velocities.
The dominant apparent flow velocity (dv) was calculated based on the
time of the maximum concentration (tm) on the BTCs, and the maxi-
mum flow velocity (mv) was calculated from the time that the tracer
was first detected (tf). According to results of the two tracer tests, the
tf values of sodium fluorescein and tinopal CBS-X in SFS were 24.5 and
26.1 h, respectively, and the tm values of sodiumfluorescein and tinopal
CBS-Xwere 42.8 and 47.6 h, respectively. Therefore, themv values from
Sinkhole #1 to SFS were 32.2 and 30.2 m/h, respectively, and the dv
values were 24.5 and 16.6 m/h, respectively (Table 1). We propose
that the fluorescein arrived at SFS before the tinopal CBS-X because
tinopal CBS-X is thought to be a non-conservative tracer due to a
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possibility of the precipitation of abundant cations Ca2+ and Mg2+ in
groundwater (Geyer et al., 2007; Licha et al., 2013).

The tracer recovery rates of 97.3% and 70% for sodium fluorescein
and tinopal CBS-X (Table 1), respectively, demonstrate that most of
the mass of the injected tracers was recovered, which suggests that
SFS was the main drainage outlet for the water flowing through Sink-
hole #1. Due to the non-conservative characteristics of Tinopal CBS-X
(Geyer et al., 2007; Licha et al., 2013), the recovery rate of tinopal
CBS-X (70%) was much lower than that of sodium fluorescein (97.3%)
at the same injection and monitoring site. In addition, tinopal CBS-X
could have optical interference with DOC in the water (Goldscheider
et al., 2008). Despite the recognized limitations of tinopal CBS-X as a hy-
drologic tracer agent, it was used as a tracer in this study so two tracers
could be used to verify the hydraulic connections between Sinkhole #1
and SFS at the same time under the same hydrological conditions.

Double-peaked recovery curves of sodium fluorescein and tinopal
CBS-X both were recorded at SFS (Fig. 2). Field and Leij (2012) noted
that multiple peaks on a BTC can indicate the presence of pools or aux-
iliary conduits (bifurcatedflowpaths) in a karst aquifer, whereas a sym-
metrical BTC with a single peak indicates the presence of a single
conduit. However, retention of a tracer and remobilization can also
lead to multiple peaks, normally associated with a runoff event
(Goldscheider et al., 2008). Obviously, the steady conditions (relatively
steady discharge, stable and low level of turbidity) during the dual
tracer peaks (Fig. 2) indicate that retention and remobilization in the
aquifer was unlikely. The double-peak BTCs of the two tests thus likely
indicate the existence of a main conduit with a pooled or a bifurcated
flow path from Sinkhole #1 to SFS. Geomorphological observations
based on the spatial arrangement of four sinkholes between Sinkhole
#1 and SFS (Fig. 1) further confirmed the existence of a karst conduit
with a cave stream that connects Sinkhole #1 and SFS.

High groundwater vulnerability is expected in zones where hydrau-
lic connection and contaminant transport are possible (Goldscheider
et al., 2003). This combination conduit systemwith a high tracer recov-
ery suggests high intrinsic vulnerability of the karst aquifer between
Sinkhole #1 and SFS. The hydrologic settingmakes it possible to analyze
the karst aquifer based on the assumption that the septic tank effluent
recharges SFS via the conduit system.

3.2. Constraints from geochemistry

In karst groundwater, graphs showing variations or changes in
chemical concentrations over time, called chemographs, often show
rapid and strong responses to hydrologic events and contaminant re-
lease (Desmarais and Rojstaczer, 2002; Mahler and Massei, 2007;
Vesper and White, 2003). Fig. 3 shows the chemographs of SFS during
the periods of the 2015 Ice and SnowFestival and the 2016 summer sea-
son. The 2015 Ice and Snow Festival began on December 20, 2014. Be-
tween December 12, 2014 and January 6, 2015, 24.5 mm of rainfall
was recorded (Fig. 3a). During the summer of 2016, as the maximum
daily air temperature in the main urban area of Chongqing (nearly
2000 m lower in elevation that the top of Jinfoshan, and thus much
warmer) gradually increased from 33 °C on August 1 to 42 °C on August
25, an accumulated number of 23477 visitors with a daily average of
939 people flocked to the JFK to avoid the heat wave (Fig. 3b). Only
10 mm of rain fell from August 2 to 25, 2016. The discharge decreased
due to drought and hot weather before August 25 and was stable after
August 25 due to slight rainfall. The maximum daily air temperature
suddenly decreased from August 26. During the period August 26–31,
therewere only 1399 touristswith a daily average of 233 people visiting
the JFK.

The hydrochemical parameters at SFS showed a high degree of var-
iability during the study period (Fig. 3), which is typical of karst springs
(Ford and Williams, 2007). Specifically, during the 2016 summer sea-
son, even though the high-resolution data of pH, DO, turbidity and spC
lagged the peak air temperature about 1–2 days, because it took
26.8 h for JHH wastewater to arrive at SFS as revealed by tracer testing
(Yang et al., 2018), the maxima of NH4

+, NO3
−, turbidity and spC and

the minima of pH and DO in SFS and the effluent correlated with the
peak air temperature on August 25 (Fig. 3b). The chemographs suggest
that the groundwater quality of SFS episodically responded to the con-
taminant release resulting in deterioration.

Increased DO and increased clarity (lower turbidity) are typically as-
sociated with high water quality, whereas increased biological oxygen
demand and turbidity are typically associated with low water quality
(Tornevi et al., 2014; Lee and Lee, 2015). The water quality of SFS dete-
riorated during the study period along with a decline in DO and in-
creased turbidity (Fig. 3), and negative correlation coefficients of
−0.845 and −0.883 between them were observed for the 2015 Ice
and Snow Festival and the 2016 summer season, respectively
(Table 2). During the 2015 Festival of Ice and Snow, the turbidity of
SFS sharply increased from ~0 NTU on 12/19/2014 to ~137 NTU on 12/
26/2014 and remained at that level for approximately eight days until
1/3/2015 (Fig. 3a). During the 2016 summer season, the turbidity
peaked on August 26 (Fig. 3b). In karst aquifers, turbidity is usually con-
sidered a parameter that indicates sediment transport from surface soils
by overland flow during rainfall events, which results in strong positive
correlations between turbidity and discharge/stage (Atteia and Kozel,
1997; Vesper andWhite, 2003). However, the turbidity trends were in-
consistent with the variations in discharge (Fig. 3), with correlation co-
efficients of −0.665 and −0.553 for the 2015 Festival of Ice and Snow
and the 2016 summer season, respectively (Table 2). In the two studied
periods, the rainfall amount was small, resulting in a reduction or stabi-
lization of the SFS discharge (Fig. 3). In addition, the wastewater pro-
duced by tourists contributed a mean value of ~18% to the flow
discharge for SFS, which was calculated using a two-component mass
balance equation of stable hydrogen and oxygen isotopic compositions
(Yang et al., 2018). Therefore, the increased amount of effluent in the
SFS basin probably did not exceed the reduced volume of recharge
from rainfall, which resulted in a negative relationship between dis-
charge and turbidity. The negative relationship between turbidity
and discharge demonstrates that the increased turbidity of SFS was
caused by the septic effluent from the JHH and slight rainfall re-
charge rather than by sediment transport in the conduit system as
a result of rainfall.

Human activities can increase pollutant concentrations and decrease
pH in groundwater (e.g. Heinz et al., 2009; Kelly et al., 2009). The spC of
SFS increased with decreased pH and DO (Fig. 3) with correlation coef-
ficients of−0.897 and−0.902 between the spC and pH and−0.819 and
−0.924 between the spC and DO for the 2015 Ice and Snow Festival and
the 2016 summer season, respectively (Table 2). Effluent typically con-
tains large amounts of organic matter andmicroorganisms (Heinz et al.,
2009; Kelly et al., 2009).Microorganisms can decompose organicmatter
with oxygen consumption and produce large amounts of CO2 dissolved
in water, as is shown by the elevated PCO2 in the groundwater of SFS
during the period 12/23/2014–1/4/2015 (Fig. 4). According to studies
by Kogovšek and Petrič (2013) and Kogovšek (2011) in the karst region
of southern Slovenia, karst porous media were dissolved by the inor-
ganic acid in landfill filtrate, resulting in aquifer flow paths being en-
larged and an increase in the permeability of the vadose. As a result,
the pH of SFS decreased, and the groundwater became more undersat-
urated, with a decrease in SIC (Fig. 4) that may suggest that the effluent
transported in the aquifer potentially promoted the dissolution of the
carbonate bedrock of the conduits. Consequently, the concentrations
of Ca2+ and HCO3

− and the spC in the groundwater increased to some
extent (Fig. 3a). Organic pollutants in the effluent probably entered a
state of anaerobic decomposition with a decrease in DO (Fig. 3), which
may generate H2S, CH4 and other reducing gases. The effluent, which
is rich in organic pollutants and gases, resulted in the black water,
with a dramatic increase in turbidity (Fig. 3). This interpretation is sup-
ported by the elevated turbidity, coupledwith decreasedDO (Fig. 3) and
their negative correlation (Table 2).



Fig. 3. (a) Chemographs and rainfall for SFS during the 2015 Festival of Ice and Snow and (b) rainfall, air temperature, discharge, and chemographs for SFS and effluent during the 2016
summer season. Thefirst day of the 2015 Festival of Ice and Snow is indicated by the black dashed line. The variations in the physico-chemical parameters suggest that the episodic release
of effluent affected and caused deterioration of the water quality of SFS. Rainfall is in mm; temperature is in °C; turbidity is in NTU; discharge is in L/s; spC is in μS/cm; and the major
elements are in mg/L.
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The peak concentrations of NH4
+ and NO3

− in SFS and the effluent
correlatedwith themaximum air temperature in the 2016 summer sea-
son (Fig. 3b), which also suggests that the effluent significantly deterio-
rated the groundwater quality at SFS. Tourists flocked to the JFK to avoid
the heat wave and produced wastewater, which resulted in elevated
NO3

− and NH4
+ concentrations at both SFS and Sinkhole #1 before Au-

gust 25. Because the air temperature dropped after August 25, the num-
ber of tourists was reduced, and the concentrations of NO3

− and NH4
+

decreased correspondingly (Fig. 3b). It should be noted that the mean
concentrations of NH4

+ and NO3
− in the effluent were 11.3 mg/L and

2.5 mg/L, respectively (Fig. 3b), and the NH4
+ content was nearly six
Table 2
Correlation coefficients between the selected physico-chemical parameters of SFS during
the 2015 Festival of Ice and Snow and the 2016 summer season. The number in brackets
is the correlation coefficient for the 2016 summer season. A total of 5223 data points from
the 2015 Festival of Ice and Snow and 4013 data points from the 2016 summer season
were used for the calculations.

pH spC Turbidity Cl− DO Discharge

pH 1 −0.897a −0.894a −0.889a 0.903a 0.652a

(−0.902a) (−0.767a) (0.901a) (0.763a)
spC 1 0.767a 0.988a −0.819a −0.730a

(0.734a) (−0.924a) (−0.759a)
Turbidity 1 0.739a −0.845a −0.665a

(−0.883a) (−0.533a)
Cl− 1 −0.821 −0.680a

DO 1 0.597a

(0.639a)
Discharge 1

a Correlation is significant at α = 0.01 level (2-tailed).
times higher than that of NO3
−. After ammonification or mineralization

in a septic tank, the nitrogen in the septic tank effluent is often largely
in the form of NH4

+ (Zhu et al., 2016), which renders the effluent rich
in NH4

+ and poor in NO3
−. The reason for the higher NH4

+ probably is
Fig. 4. Variations in selected physico-chemical parameters of SFS during the 2015 Ice and
Snow Festival. The increase in PCO2 and decrease in SIC suggest that SFS was recharged by
the effluent, which contained high concentrations of CO2 produced by microorganisms.
spC is in μg/L; PCO2 is in ppmv.
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that dissimilatory nitrate reduction to ammonium (DNRA) which may
provide a mechanism for the temporary attenuation of nitrate in the
groundwater (Rivett et al., 2008). While typical levels of NH4

+ do not
pose a direct risk to human health (Umezawa et al., 2008), elevated
NH4

+ levels suggest the presence of more serious contaminants
(Zhang and Zhang, 2007), such as pathogens, pharmaceuticals, personal
care products, cleaning products or pesticides.

The mean concentrations of NH4
+ and NO3

− at SFS were 0.70 mg/L
and 9.1 mg/L, respectively (Fig. 3b). The NO3

− concentrations in SFS
were within the threshold value of 89 mg-NO3

−/L (20 mg-nitrogen/L)
according to the Standard for Groundwater Quality (GAQS and IQPRC,
2017). The mean NH4

+ content at SFS was approximately 16 times
lower than that of the effluent, whereas the NO3

− concentration was al-
most four times higher than that of the effluent (Fig. 3b). This result is
attributed to nitrification occurring in the karst conduit, where NH4

+

from the effluent was quickly and completely oxidized back to NO3
−

by nitrification (Rivett et al., 2008) and mixing of relatively oxygen-
rich groundwater (Grimmeisen et al., 2017). Therefore, due to the
high vulnerability of the karst aquifer, the chemical components at SFS
were at least partly unprotected against pollution from the effluents.

3.3. Constraints from dual isotopes of 15N and 18O in water

Denitrification is considered to be the most significant reaction
impacting nitrate attenuation in the groundwater. Denitrification
causes the δ15NNO3 of the residual nitrate to increase exponentially as
nitrate concentrations decrease (Kendall and Aravena, 2000). For exam-
ple, denitrification of fertilizer NO3

− with an original δ15NNO3 value of
+0‰ can yield residual δ15NNO3 values (e.g. +15 to +30‰) that are
within the range of the compositions expected for NO3

− derived from
a manure or septic tank source (Michener and Lajtha, 2007), making it
difficult to identify the nitrate sources. Before tracing the sources of
NO3

− on the basis of coupled nitrate N and O isotope fingerprinting, it
is good practice to determine whether denitrification has occurred in
the water samples.

Typical values of δ15NNO3 and δ18ONO3 of nitrate derived or produced
by nitrification from various N sources are plotted in Fig. 5, which can
help us distinguish the NO3

− sources in the study area. It has been
established that the denitrification of NO3

− results in a linear ratio of
δ15N/δ18O typically lying within a range of 1.3–2.1 (Aravena and
Robertson, 1998; Fukada et al., 2003; Panno et al., 2006); i.e., the slopes
of 18ONO3 relative to δ15NNO3 range from 0.48–0.76. The slopes of 18ONO3
Fig. 5. Schematic for source identification based on δ15NNO3 and δ18ONO3 values. The
bordered boxes delineate the typical ranges of δ15NNO3 and δ18ONO3 values for nitrate
sources (Nestler et al., 2011; Kendall and Aravena, 2000). The nitrate in the hotel water
was derived from the soil organic nitrogen. Manure and sewage contributed to the
effluent nitrate. A mixture of manure, sewage and soil organic N was responsible for the
nitrate at SFS.
relative to δ15NNO3 for JHH water and SFS were −0.94, 0.03, respec-
tively, out of the range of 0.48–0.76, suggesting insignificant or negligi-
ble denitrification in the water samples from SFS and hotel water. This
result at SFS is consistent with a previous study that suggests the nitro-
gen from belowground leaking sewers was less susceptible to denitrifi-
cation (Kaushal et al., 2011). A ~2:1 linear increase in δ15NNO3 and
δ18ONO3 at samples from Sinkhole #1 suggests that denitrification was
a dominant process in the effluent, although there are only two data
points (Fig. 5). This result is consistent with the low nitrate concentra-
tions in the effluent at Sinkhole #1.

The δ15NNO3 and δ18ONO3 values for JHH water ranged from 3.2‰ to
8.2‰ and from −3.9‰ to 2.7‰, respectively, which suggests that the
NO3

− was primarily derived from soil organic N or a mixture of soil or-
ganic N, NH4

+ in fertilizer and rain, and manure and sewage (Fig. 5).
However, agricultural activities are strictly forbidden in the study area.
Furthermore, the altitude of the water source for JHH, Xiannv Cave, is
covered by forest and is higher than that of JHH and its septic system.
Thus, soil organic N is likely the main origin of nitrate in the hotel
water, with a mean NO3

− concentration of 4.9 mg/L, indicating that the
water has not been impacted by human activities and has maintained
the natural background condition.

The δ15NNO3 and δ18ONO3 values of the two effluent samples were
14.4‰ to 21.1‰ and 3.5‰ to 11.2‰, respectively, suggesting that ma-
nure and sewage contributed nitrate to the effluent (Fig. 5). The SFS
samples contained δ15NNO3 and δ18ONO3 values that ranged from 5.3‰
to 17‰, and−3.1‰ to 7.3‰, respectively, suggesting the NO3

− was de-
rived from manure and sewage and a mixture of manure, sewage and
soil organic N (Fig. 5). SFS is recharged by the effluent through con-
duit(s) from Sinkhole #1 and the fissured aquifer matrix. The effluent
is characterized by quick recharge and high δ15NNO3 values, while the
fissured aquifer matrix is supplied by diffuse flow from the overlying
thick soil layer (maximum of 18 m; Wu et al., 2008) and the epikarst
zone. The soil water should have δ15NNO3 and δ18ONO3 values identical
to those of the adjacent Xiannv Cave water, which supplies the hotel
withwater. The SFSwater therefore likely represents amixture of septic
nitrate and non-septic background nitrate originating from the overly-
ing soil. It should be noted that the occurrence of the high δ15NNO3

value of 21.1‰ in the effluent on April 29, 2017, was likely because
the azalea flowers were in full blossom (from the end of April to the
middle of May), so visitors flocked to the JFK for sightseeing and pro-
duced a great amount of sewage. Additionally, SFS had a δ15NNO3 value
of 17.0‰ on April 29, 2017, corresponding to the sewage release from
the septic tank system. The source of NO3

− at SFS was calculated using
a Bayesian isotopic mixing model, named the SIAR model (Parnell
et al., 2010). The result indicates that the contribution rate of atmo-
spheric precipitation, soil organic N, and manure sewage were roughly
29%, 36%, and 35%, respectively.

These findings on the basis of the stable nitrogen and oxygen isoto-
pic compositions also indicate that SFS is highly vulnerable to the epi-
sodic release of sewage from the JHH.

3.4. Applications for groundwater protection

Our natural heritage consists of the legacy from the past, how we
protect the world today, and what we pass on to future generations.
The UNESCOWorld Heritage Convention identifies sites that have out-
standing universal value, and which provide irreplaceable sources of
life and inspiration (UNESCO, 2018a). A total of 54 properties of World
Heritage List have been included on the list of World Heritage Sites in
danger by the World Heritage Committee (UNESCO, 2018b). The
World Heritage Site at the JFK has a unique karst and superlative table-
land landscape and distinctive cave evolution processes. However, the
tracer tests clearly demonstrated that the septic effluent produced by
the JHH that enters Sinkhole #1 rapidly arrives at SFS, and the karst
aquifer has high intrinsic vulnerability from these contaminants. As a re-
sult, the water quality in the groundwater system is affected by the
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episodic septic effluent which is driven by the tourism activities. Al-
though most of the ion concentrations are within the acceptable limits
for drinking water, the issue of episodic release of septic tank effluent
and its environmental impact on the karst aquifer probably has the po-
tential to affect the integrity of the ecosystem of the JFK.

This finding has important practical significance for the future pro-
tection of groundwater systems and karst environments more broadly.
Relevant administrative departments should be sensitive to and moni-
tor the negative impacts of tourism activities on vulnerable karst
groundwater systems and develop land use strategies that minimize
pollution and ecological deterioration due to tourismdevelopment. Eco-
tourism is a growing trend in many countries that takes advantage of
places where the natural environment is impressive enough to draw
visitors. Best practices of ecotourism attempt to reduce negative anthro-
pogenic impacts on these systems by limiting tourist numbers and re-
ducing the building of infrastructure at these sites (Van Beynen et al.,
2012). Vulnerability mapping appears to be an effective tool to assess
karst aquifer vulnerability and has been proposed as a basis for protec-
tion zoning and land-use planning. These methods specifically devel-
oped for the assessment of vulnerability in karst areas include COP
(Vías et al., 2006), PI (Goldscheider et al., 2000) and EPIK (Doerfliger
et al., 1999). Thus, it is necessary to carry out vulnerability mapping in
the JFK to protect the valuable karst groundwater resources.

Karst aquifers are especially vulnerable to microbial contamination
(Buckerfield et al., 2019; Goeppert and Goldscheider, 2011; Nguyet
and Goldscheider, 2006). Unfortunately, microbiological analyses typi-
cally require sterilewater sampling, sample cooling, and rapid transport
of the samples to a microbiological laboratory (Hurst et al., 2002). In re-
mote areas such as the JFK, these requirements are very difficult tomeet,
and this study did not assessmicrobial contamination in the karst basin.
However, Lettingue (2007) measured coliform bacteria at SFS in 2007
and found that an increase in bacteriological contamination with 158
thermotolerant coliforms per 100 mL induced by a high runoff event.
It was suspected that the coliforms were derived from the wastewater
of the tourist villagewithout soil filtration. This suggests that themicro-
bial contamination caused by tourism activitieswas quite serious at that
time. Despite significant improvements in the sanitary quality of drink-
ing water with technological and economic development, disease out-
breaks continue to result from pathogen-contaminated groundwater
(Borchardt et al., 2011; Yoder et al., 2010). For instance, in early June
2007, 229 patrons and employees of a new restaurant in northeastern
Wisconsin, USA, were affected by acute gastroenteritis, and 6 people
were hospitalized. Epidemiological,microbiological, and hydrogeological
investigations proved that the restaurant's well water was polluted by a
new septic system in a fractured dolomite aquifer and caused the illness
(Borchardt et al., 2011). The minimal requirement, therefore, is for
wastewater to be completely disinfected with chlorine or some other
disinfectant before it is released back into the karst ecosystem. This
study therefore highlights that the public perception that “mountainous
karst springs are pristine and consequently safe to drink from” is not nec-
essarily correct, as was also reported by Goeppert and Goldscheider
(2011) and Nguyet and Goldscheider (2006), particularly during periods
of episodic effluent release.

4. Conclusions

The unique characteristics of karst environments make them highly
vulnerable to human disturbance. In this study, a combination of artifi-
cial tracer tests, geochemical analyses and stable nitrogen and oxygen
isotopic compositions were used to constrain the vulnerability of the
karst groundwater system of the SFS aquifer in the JFK, Southwest
China. Due to its established conduit-dominated structure and as con-
firmed by high tracer recovery rates, the SFS karst groundwater system
is particularly prone to contamination and highly vulnerable to the im-
pacts of septic tank effluent from the JHH. The episodic release of con-
taminants from septic systems poses a threat to the water quality of
SFS and results in enrichment of the 15NNO3 and 18ONO3 isotopes in the
karst groundwater, and presents a challenge to the protection of the
karst aquifer characterized by highly intrinsic vulnerability. Therefore,
the managers need to develop reasonable policies and develop land
use protectionmeasures, such as ecotourism, and carry out vulnerability
mapping for the whole protected natrual area. The combination of
tracer tests, hydrochemical methods, and stable hydrogen and oxygen
isotopic techniques make it possible to better understand the karst
aquifer system and to characterize the dynamics and interaction of hy-
drologic, hydrochemical and isotopic parameters. This study also pro-
vides a basis for the development of future groundwater protection
schemes.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.12.172.
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